Jackson MB. Recall of spatial patterns stored in a hippocampal slice by long-term potentiation.
pattern completion; learning and memory; voltage imaging; long-term potentiation; hippocampus COMPUTATIONAL THEORIES OF the nervous system have invoked the concept of pattern completion in the modeling of a wide range of functions, particularly in the hippocampus where navigation behavior has provided an especially useful framework for the study of information processing (Kesner et al. 2000; Leutgeb and Leutgeb 2007; Marr 1971; Rolls and Treves 1998; Yassa and Stark 2011) . According to these theories, the nervous system encodes information as electrical activity in designated groups of neurons distributed in a particular pattern through a neural network. Pattern completion occurs when activity initially appearing in the neurons representing some of the features of an environment or object spreads to a larger group of neurons to activate the complete representation that was previously stored within the network. Pattern completion thus confers a network with the capacity to recall stored information based on its content. The contrasting operation of pattern separation occurs when one pattern of activity, initially overlapping with many patterns, evolves to reduce the overlap and become distinct. Pattern separation thus confers a network with the capacity to classify and to discriminate between similar objects. Models based on the ideas of pattern completion and pattern separation have been of great value in the analysis of behavior, and have strongly influenced how neuroscientists think about how the brain processes information.
The CA3 region of the hippocampus possesses an architecture that appears well adapted for the operation of pattern completion. The extensive excitatory synaptic connections between its principal neurons allow the activity within one group of CA3 neurons to spread to other groups of CA3 neurons, and thus complete a pattern (Amaral et al. 1990; Amaral and Lavenex 2007) . Experimental studies of navigation have suggested that the CA3 region can perform pattern completion operations as animals move within their environment and recognize spatial cues (Colgin et al. 2008; Leutgeb and Leutgeb 2007) . Building on the anatomy of the CA3 region, neuroscientists have incorporated hypotheses of activity-dependent changes in synaptic strength, such as long-term potentiation (LTP), to model the storage of information in the CA3 region by experience (de Almeida et al. 2007; Gerstner and Abbott 1997; McNaughton and Morris 1987; Rolls and Treves 1994) . From this perspective, patterns arrived at by completion are presumed to have been laid down during experience by LTP of synapses between specific CA3 pyramidal cells. These models are conceptually very attractive but remain untested.
Experiments have yet to address the capacity for pattern completion in the CA3 region of the hippocampus, and whether LTP of synapses in the CA3 region can lead to the storage of patterns that can be recalled.
The present study used voltage imaging in hippocampal slices to map out patterns of activity in response to electrical stimulation. The stimulation of two sites simultaneously elicited what can be regarded as a complete pattern of activity distributed over a wider area of the slice. The complete pattern was then stored by applying theta burst stimulation (TBS) to both sites simultaneously. This LTP induction protocol altered the response patterns elicited by stimulation of individual sites. Using quantitative measures of pattern similarity, TBS was found to make the response patterns more similar to one another and to the dual-site pattern. Thus, LTP induction enabled the CA3 circuit to complete a dual-site pattern initiated by single-site stimulation. This experiment thus tested the model of pattern completion in an intact neural circuit and demonstrated the capacity of the hippocampal CA3 region to store and recall patterns of electrical activity.
METHODS
Methods of slice preparation and voltage imaging follow published methods from this laboratory (Chang and Jackson 2006) . Horizontal hippocampal slices (350 m) from rats (age 4 -7 wk) were cut with a Leica 1200S Vibratome in ice-cold cutting solution (124 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 1 mM CaCl 2 , 6 mM MgSO 4 , 10 mM glucose, bubbled with 95% O 2 /5% CO 2 ). Slices were incubated in cutting solution at room temperature for 30 min and then in aCSF (identical to cutting solution but with 1.3 mM MgSO 4 and 2.5 mM CaCl 2 ) for an hour at room temperature. Slices were stained in 0.05 mg/ml RH482 (a voltage-sensitive absorbance dye) for 45 min to produce absorbance near optimal levels for voltage imaging (Chang and Jackson 2003) . Slices were used immediately after staining or within 5 h, and during experiments slices were perfused with aCSF at 30 -33°C. These procedures were approved by the IACUC of the University of Wisconsin.
The setup used for imaging membrane potential employs a camera constructed from photodiodes coupled individually to optical fibers (Chien and Pine 1991) . The 464 fiber ends are arranged hexagonally with center-to-center distances corresponding to 67 m in the image. Signals are amplified using electronics similar to that in a commercial system provided by Redshirt Imaging (Wu and Cohen 1993) . Light from a 100-W tungsten-halogen bulb driven by a stable Kepco 36 -30 power supply was passed through a 700/25-nm band pass filter to illuminate slices. Transmitted light was collected with a ϫ10 Olympus objective (NA 0.4) and imaged with the fiberoptic photodiode camera. Each photodiode signal was amplified to 5 V/nA of photocurrent, low-pass filtered at 500 Hz, and read into a PC with a DAP 5400 data acquisition board (Microstar Laboratories) at a frame frequency of 10 kHz. Slices were stimulated with current pulses (200 s, 25-70 A) from a WPI A385 stimulus isolator through two glass micropipettes positioned with micromanipulators. Stimulating electrodes were always positioned centrally within the stratum radiatum to activate the recurrent network of the CA3 region (Fig. 1A) . Slices showing epileptiform activity were not used for experiments. The average separation distance between the two sites of stimulation was ϳ850 m for both single-site and dual-site TBS experiments. LTP was induced by 4 TBS consisting of theta bursts at 10-s intervals. Each theta burst of 2 s in duration consisted of 10 sub-bursts at 5 Hz; each 50-ms sub-burst consisted of six 0.2-ms pulses at 100 Hz.
Data acquisition and initial analysis were performed with software developed in this laboratory, which controlled stimulation and illumination (through a shutter) (Chang and Jackson 2006) . This program also performed baseline subtraction and spatial and temporal filtering. The software was set up to alternately stimulate site 1, site 2, or both sites at 10-s intervals. The entire sequence was cycled every 30 s to establish Ͼ15-min baselines and continued for Ͼ45 min after LTP induction. Points in time course plots were based on averages over 2 min of recording (4 trials). Color maps of maximum response amplitude and LTP were based on averages over 6 min of recording (12 trials). Quantitative analysis of spatial response patterns was based on diodes from the CA3 region; noisy locations (under a stimulating electrode), or locations on the edges receiving very little light, or irrelevant locations outside the CA3 region were excluded. Map normalization is explained in the figure legends. Time course plots were averaged across slices from the average response of the seven photodiodes around the site where the maximum was seen in the LTP map. LTP maps were constructed as the difference between the pre-TBS and 12-min post-TBS response maps. The choice of 12 min was based on the time course of LTP in these experiments (Fig. 1D ). Data were exported to Origin 8.0 and MATHCAD 14 for plotting and calculation of Euclidian distance (D E ) or Hamming distance (D H ) (see RESULTS). Maps used for distance calculations were averages of 12 trials taken over 6 min.
RESULTS

Induction of LTP using single-and dual-site TBS.
Imaging a hippocampal slice stained with a voltage-sensitive dye revealed the spatial distribution of voltage changes as an increase in light intensity related to a voltage-dependent change in the absorbance of the dye (Grinvald et al. 1988; Momose-Sato et al. 1999; Wu et al. 1998) . Following electrical stimulation of the stratum radiatum in the CA3 region (Fig. 1A) , voltage changes spread over a roughly 1-mm region, as seen in the overlay of optical traces on an image (Fig. 1B) . The optical traces from selected locations display the electrically evoked responses, with a rapid rise and slower decay of membrane potential in the neurons and processes at that site (colored The stimulating electrodes (red arrows) are positioned in the stratum radiatum (sr) of the CA3 region (CA3). CA1 region, CA1; dentate gyrus, DG; stratum oriens, so; molecular layer, ml; hilus, h; slm, stratum lacunosum moleculare. The thick black curves are cell body layers (stratum pyramidal in CA3 and CA1 and stratum granulosum in DG). The stratum lucidum is not labeled but is a gray band along the edge of the stratum pyramidale in CA3. B: optical traces (blue) overlain on a CCD image of a slice show responses as increases in light intensity at each location through much of the imaged region. The stratum pyramidale is visible as a slightly lighter arc from upper left to lower right. Two stimulus electrodes can be seen in the stratum radiatum about 850 m apart (site 1, arrow pointing right; site 2, arrow pointing left). Each trace is 300 ms in duration and stimulation (30 A, 200 s) applied to site 1, 50 ms after starting data acquisition. traces in Fig. 1C ) (Chang and Jackson 2006; Grinvald et al. 1982) . After inducing LTP by TBS (see METHODS) , the signals were potentiated (black traces in Fig. 1D ). Figure 1 , A and B, shows the location of two stimulating electrodes (ϳ850 m apart) that were pulsed either separately or simultaneously (see METHODS). The stimulus-evoked change in light intensity recorded at selected locations can be plotted vs. time to illustrate the onset of LTP following TBS, and its persistence for the remainder of the experiment (45 min) (Fig.  1D ). These time-course plots compare the LTP induced by TBS applied to both sites simultaneously vs. the LTP induced by TBS applied to only one site. At the site where LTP was maximal for dual-site TBS, responses grew by 84 Ϯ 11% (means Ϯ SE; 21 slices each contributing 2 time-course plots for the response to each stimulation site tested alternately). For single-site TBS, responses to stimulation of both sites showed LTP. Responses to the electrode used to apply TBS grew by 63 Ϯ 9% at the site of maximum LTP (19 slices), while responses to stimulation of the other site (site 2) grew by 34 Ϯ 6% at the site of maximal LTP for stimulation of that site. Thus, LTP induction by TBS applied to both sites produced somewhat greater LTP than TBS applied to only one site (compare black and purple time-course plots in Fig. 1D ). Interestingly, TBS of one site induced some LTP of responses to stimulation of the other site (green time course in Fig. 1D ). This could reflect some overlap in the fiber populations activated by stimulation of the two sites, increases in intrinsic excitability (Johnston et al. 2003; Zhang and Linden 2003) , or heterosynaptic LTP (Misgeld et al. 1979; Teyler and DiScenna 1987; Yamamoto and Chujo 1978) . These experiments extend the observation of LTP with voltage imaging (Aihara et al. 2005; Chang and Jackson 2006; Hosokawa et al. 2003; Momose-Sato et al. 1999) to the CA3 region of the hippocampus. This technique recapitulated features of LTP seen in electrical recordings and provided additional detail about its spatial distribution.
Alteration of spatial response patterns by LTP. To investigate the spatial patterns of responses to different forms of stimulation, the amplitudes of optical signals were encoded as color to generate maps of responses before and after LTP induction. Differences between the response maps provided maps of the spatial distribution of LTP. induced by TBS of site 1 only (TBS Site 1). In both figures, the top rows displayed maps for activation of one site (Site 1), the middle rows displayed maps for activation of the other site (Site 2), and the bottom rows displayed maps for activation of both sites simultaneously (Dual). In both Figs. 2 and 3, the left, middle, and right columns displayed the pre-TBS response maps, the post-TBS response maps, and the LTP maps, respectively. Each of the response maps in Figs. 2 and 3 can be viewed as a pattern of activity, which reflects the particular region of the slice activated by stimulation at a particular site. Stimulation of two different sites (separated by ϳ850 m as in Fig. 1B ) evoked responses with different spatial distributions, and these single-site response maps can be viewed as partial patterns. Simultaneous stimulation of both sites then evoked a spatial distribution of responses over a larger area of the slice, which can be viewed as a complete pattern. LTP induction changed the response maps so that stimulation evoked different patterns, as can be seen by visual comparison between the maps in the left (pre-TBS) and middle (post-TBS) columns of Figs. 2 and Fig. 3 . Many of the post-TBS maps had brighter colors extended over greater areas. The LTP maps in the right columns of Figs. 2 and 3, taken as differences between the postand pre-TBS response maps, highlight the regions with the largest changes. The LTP maps for sites 1 and 2 in Fig. 2 revealed peaks near the other site of stimulation; i.e., site 1 responses had the greatest LTP near site 2 and vice versa. This suggests that the intense concomitant firing of both sites alters the landscape of LTP induction from that resulting from single-site stimulation. As expected for a Hebbian mechanism of synaptic plasticity, cells driven to threshold by the simultaneous stimulation protocol potentiated their synapses in response to stimulation of either site. Note that the dual-site LTP map in Fig. 2 showed much less LTP than the two single-site maps from the same experiment. LTP emerges most clearly at sites with intermediate response amplitudes, and the dual-site response maps have large responses throughout the CA3 region, more nearly saturating the voltage changes. The maps in Fig. 3 show that induction with TBS of only one site produces very different results. The responses to stimulation of site 1 (to which TBS was applied) are potentiated much more than responses to site 2. Visual inspection of the dual-site LTP map indicates that it resembles the single-site LTP map in this experiment.
Pre-TBS
Post-TBS LTP Dual Fig. 3 . Spatial maps of responses and LTP as in Fig. 2 , but with LTP induced by applying TBS to site 1 only. Shown is an image of the slice used in this experiment. As in Fig. 2 , the maximum signal in the post-TBS, dual-site map was used to scale all 5 other response maps, and the LTP maps were scaled to the maximum LTP in the site 1 LTP map.
Comparing the response maps before and after LTP induction provides a basis for assessing pattern completion. After dual-site TBS, the maps for stimulation of site 1, site 2, or both became more similar, showing a qualitative resemblance (Fig.  2) . By contrast, when LTP was induced by TBS of site 1 only, the three postinduction maps remained very different (Fig. 3) . These comparisons became clearer in images converted to white and black using the mean response to dual-site stimulation as the threshold. In this rendition of the experiments used to create Figs. 2 and 3 , the site 1, site 2, and dual-site images are strikingly similar after applying TBS to both sites (Fig. 4A) , but not after applying TBS to one site (Fig. 4B) . The qualitative similarity between the post-TBS response maps thus suggests that after dual-site TBS the CA3 region can perform pattern completion. Furthermore, this modification of response patterns by LTP induction depended on whether TBS was applied to one site or both. The maps provided by voltage imaging revealed the ability of LTP to alter spatial response patterns, and suggested that a quantitative analysis of image similarity would permit an assessment of how LTP modifies the processing of information by the CA3 circuit.
Evaluation of response pattern similarity. To compare spatial patterns more critically, optical responses from one map were plotted against optical responses from another map obtained from the same slice, with each location in an image contributing one point. For the experiment used to generate Fig. 2 (dual-site TBS), a plot of post-TBS response vs. pre-TBS response showed that nearly all the points fell above the diagonal, for stimulation of either site 1 or site 2 (Fig. 5A1 ). This indicates that there was at least some LTP throughout the field of view following dual-site TBS. For the single-site TBS experiment used to generate Fig. 3 , the site 1 points fell above the diagonal but many of the site 2 points did not (Fig. 5A2) . These results are consistent with the time course plots of Fig.  1 and the LTP maps in Fig. 3 showing that the site not subjected to TBS showed less LTP. To assess pattern completion, responses to site 1 stimulation were plotted vs. responses to site 2 stimulation, before and after LTP induction. The pre-LTP plots showed large scatter with little correlation between the responses to site 1 and site 2 stimulation. Thus, the initial patterns were well separated. Following dual-site TBS, the points clearly fall closer to the diagonal (Fig. 5B1) , indicating on a point-by-point basis that after TBS of both sites, stimulation of either one of these sites elicited more similar spatial patterns. By contrast, with single-site TBS, the points remained scattered and far from the diagonal (Fig. 5B2) . Thus, pattern completion depended on simultaneous TBS of both sites. The response to stimulation of both sites was also plotted against the response to stimulation of one site. Before TBS, the dual-site responses were generally greater than the single-site responses, so points fell above the diagonal. Following dualsite TBS, the points moved closer to the diagonal (Fig. 5, C1 and D1), again suggesting pattern completion. TBS of only one site was less effective in enabling pattern completion, and points remained above the diagonal following single-site TBS (Fig. 5, C2 and D2) .
The plots in Fig. 5 highlight the distance from the plotted points to the diagonal as a quantifiable index for the difference between two images. For identical maps, the points will fall on the diagonal, and this distance will equal zero. The root-meansquare of this distance is isomorphic with the Euclidian distance, a widely used measure of difference in the quantitative analysis of digital images (Burger and Burge 2010) . Representing two maps, a and b, as vectors, the stimulus-induced changes in light intensity at location i are represented as a i ϭ (⌬I a /I) i and b i ϭ (⌬I b /I) i . The Euclidian distance between maps a and b is
N sites D E was normalized to the number of sites N sites to account for variations in this number from experiment to experiment. This gives values for D E of on the order of a few tenths of a percent, which is in the range of stimulus-evoked light intensity changes at individual sites (Fig. 1C) . D E values are inset for each plot in Fig. 5 , and these distances generally agree with the visual impression of plots falling close to or far from the diagonal. Fig. 4 . Black and white response maps were generated from the color maps in Fig. 2 (A) and Fig. 3 (B) . The mean response of the corresponding dual-site map was used as a threshold. In A, the post-TBS response maps were very similar, indicating that dual-site LTP induction promotes pattern completion. In B, the post-TBS response maps remained distinct, indicating the single-site LTP induction protocol failed to promote pattern completion.
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Averaging D E values across ϳ20 experiments each for dual-site and single-site TBS provided a means of evaluating global changes in response maps associated with LTP induction. Figure 6A presents D E values between pre-TBS and post-TBS response maps to assess changes in responses to stimulation of site 1 or site 2 following LTP induction. Dualsite TBS resulted in the greatest change in global responses, as indicated by the largest D E value between the pre-and post-TBS response maps. This corresponds to the distance from the blue and green points to the diagonal in Fig. 5A1 . Single-site TBS resulted in a smaller change in responses to site 1 stimulation, with an intermediate D E value between the preand post-TBS response maps. This corresponds to the blue points of Fig. 5A2 . Single-site TBS produced the smallest change in the responses to site 2 stimulation (the site not receiving TBS), with a small but significant D E value. This corresponds to the green points in Fig. 5A2 . These results are consistent with the time-course plots in Fig. 1D , but reflect the changes over the entire slice rather than the changes in the site where mapping indicated that LTP was maximal. The D E values in Fig. 6A are also consistent with the site 1 and site 2 LTP maps displayed in Figs. 2 and 3 .
To use D E values to evaluate pattern completion, D E was computed between site 1 and site 2 response maps, and the post-TBS to pre-TBS D E ratios were determined. For dual-site TBS, the ratio was less than 1, indicating that this LTP induction protocol brought the site 1 and site 2 response maps closer together (Fig. 6B1) . This confirms the impression from the plot in Fig. 5B1 . This reduction in D E value and the coming together of the two response maps again depended on applying TBS to both sites. With single-site TBS, the ratio was close to 1 (Fig. 6B1) , indicating that the distance did not change and the . In all panels, the distance from the diagonal was quantified as Euclidian distance (D E , see text). B1 and B2: response to site 2 stimulation plotted vs. response to site 1 stimulation. The pre-TBS plots show wide scatter. Dual-site TBS moved points toward the diagonal, indicating that after LTP induction stimulation of site 1 or site 2 elicited more similar response maps. The collapse of points toward the diagonal indicates pattern completion, which was clearly greater with dual-site LTP induction (B1) than with single-site LTP induction (B2). C1 and C2: plots of the response to dual-site stimulation vs. the response to site 1 stimulation. The pre-TBS plots show essentially all points above the diagonal. The movement of points towards the diagonal following TBS indicates pattern completion. D1 and D2: plots of responses to dual-site stimulation vs. responses to site 2 stimulation (note that TBS was applied to site 1 in D2 and responses to stimulation of site 2 were plotted on the x-axis). Each plot was constructed from ϳ400 points from the 464 diodes in the imaging device (see METHODS). maps remained different. The reduction in D E between the site 1 and site 2 response maps following dual-site TBS shows that LTP induction enabled the CA3 circuit to complete patterns. By contrast, single-site TBS failed to do so. This analysis indicated that a pattern stored in the CA3 circuit by the induction of LTP can be reconstructed to some extent by activating part of that pattern. Following storage by LTP induction with dual-site TBS, patterns can be completed by stimulating either site to evoke a similar spatial response map.
The D E between single-site and dual-site response maps also became smaller following dual-site TBS (Fig. 6B2) , providing another assessment of how LTP induction made the response maps to different stimuli more similar. TBS applied only to site 1 also reduced D E between dual-site and site 1 response maps, but slightly increased D E between dual-site and site 2 response maps. The reduction in D E between site 1 and dual-site response maps with site 1 TBS suggested that pattern completion can occur following single-site TBS. (Although Fig. 5C2 shows a single-site TBS experiment with essentially no pattern completion, this case was not representative of the average behavior.) This result does not fit with the hypothesis of a dual-site storage step and may indicate that a simple increase in the spread of site 1 responses following site 1 TBS (Fig. 3) is sufficient to reduce the difference between the single-site and dual-site maps. Thus, the D E between single-site and dual-site maps may not provide as clear a test of the hypothesis of dual-site storage. It is of interest that the site 2 response maps, evoked by stimulating the unpotentiated site, moved slightly away from the complete pattern seen with dual-site stimulation. The ratio was slightly greater than 1, but this difference fell slightly short of statistical significance.
As an alternative method of comparing spatial response maps, the black-and-white images (Fig. 4) were also used to analyze similarity and pattern completion. As noted above, response maps were converted to black and white using the mean response to dual-site stimulation as the threshold. Taking white as 1 and black as 0, the Hamming distance (D H ) was calculated as the number of sites where the images differed. Thus, a point in the image contributed 0 to the Hamming distance if they were white in both images or black in both images. If one image was black and the other was white at a point, then that point contributed 1 to the Hamming distance. After summing these sites, D H was normalized by dividing by the number of sites. As with D E , a reduction in D H signified an increase in the similarity between the two images, and a pre-TBS to post-TBS D H ratio less than 1 indicated that dual-site TBS increased the similarity between the response maps, whereas single-site TBS did not (Fig. 6C1) . The results were very similar to those for D E presented in Fig. 6B ; dual-site TBS reduced the D H value between the site 1 and site 2 maps, but one-site TBS produced very little change. The site 1 vs. dual-site D H was reduced significantly by either dual-site or one-site TBS (Fig. 6C2) . The site 2 vs. dual-site maps remained at essentially the same D E following one-site TBS. Thus, the use of two different quantitative methods of image comparison yielded similar results in the assessment of pattern completion.
While LTP induction with dual-site TBS made the site 1, site 2, and dual-site patterns more similar, the post-TBS maps for these different stimulus protocols remained significantly different. Post-TBS D E values between the maps for different stimuli generally ranged from 0.0025 to 0.0035, which is significantly greater than the D E values of maps obtained from successive measurements with the same stimulus site. (This was assessed in all experiments and yielded a value of ϳ0.001.) Thus, the pattern completion reported here was not perfect. The residual differences between patterns after LTP induction could reflect a threshold for strengthening synapses These D E values correspond to the scatter plots in Fig. 5 , A1 and A2. B1: ratios were taken by dividing the site 1 vs. site 2 D E post-TBS by the site 1 vs. site 2 D E pre-TBS. These ratios indicate how changes occurred following TBS in the distance between the site 1 and site 2 response maps. For LTP induction with dual-site TBS, the ratio was significantly less than 1; for LTP induction with single-site TBS, the ratio was slightly greater than 1 but this difference was not significant (P ϭ 0.06). B2: ratios of pre-and post-TBS D E values between single-site and dual-site response maps. As in B1, values below 1 indicated that LTP reduced D E , with the increase in similarity indicating pattern completion. For dual-site TBS and single-site TBS, the site 1 vs. both ratios were less than 1, indicating pattern completion. For single-site TBS, the ratio for site 2 vs. both was not significantly different from 1 (P ϭ 0.32). Averages were taken from 21 slices receiving dual-site TBS and 19 slices receiving single-site TBS. Averages are presented Ϯ SE. C1 and C2: Hamming distance (D H , see text) ratios were averaged from the same sets of data used to generate B1 and B2, and the ratios convey the same basic information.
between coactivated neurons. Sites with responses below this threshold would maintain their pre-TBS levels and remain different between one-site and dual-site stimulation.
DISCUSSION
This study has introduced a dual-site stimulation protocol to enable voltage-sensitive dye imaging to evaluate response patterns in the CA3 region of hippocampal slices and assess the changes in response patterns following LTP induction. This procedure was used to the test capacity of the CA3 region for pattern completion. LTP alters responses in a location-specific manner so that a response pattern can be recalled to some extent by subsequent activation of a part of this pattern. LTP thus increases the connectivity between the neurons activated by TBS so that activation of a subset of these neurons elicits electrical activity in a substantially larger number of neurons corresponding to the complete set. The new neurons recruited to respond to stimulation of one site following LTP resided in locations concomitantly activated during the induction protocol. These results thus provide experimental support for an important model of information storage in the CA3 region of the hippocampus (de Almeida et al. 2007; Gerstner and Abbott 1997; Marr 1971; McNaughton and Morris 1987; Rolls and Treves 1994) . The standard Hebbian rule for strengthening synapses between cells firing concomitantly can account for these results, enabling the neurons that fired together to become wired together.
Following LTP induction by TBS of two sites, the response patterns evoked by stimulation of each site separately were more similar to one another than they were before TBS. Thus, pattern completion was evident in these experiments, but it remained less than perfect. Regions activated by one site that are almost completely unresponsive to stimulation at the other site would contribute to this residual post-TBS difference between patterns elicited by site 1, site 2, and dual-site stimulation. Of course, loss of circuitry during slice preparation necessarily reduces the synaptic substrate for pattern completion, but it is also important to realize that an intact network would have to leave patterns imperfectly completed if the initial circuit contained some pairs of neurons without synaptic connections. The role of neuronal populations in information encoding raises the question of how perfectly pattern completion must be to enable the retrieval of stored information. Population encoding mechanisms may be robust to such imperfections.
These results were obtained with artificial patterns of activity created by stimulating neurons and fibers at selected sites. In intact brain, the patterns that encode objects and features of the environment are activated by sensory stimulation with very different qualities. If pattern completion is a general property of the CA3 circuit, it should operate for any pattern of activation, including patterns elicited by both natural and artificial forms of stimulation. On the other hand, pattern completion may be a conditional property of the CA3 circuit rather than a general property, and patterns elicited by sensory inputs may have special properties that facilitate pattern completion following LTP. It is likely that the CA3 region treats different patterns of activity differently, filtering them and flagging them for storage based on the content of a pattern as well as its context. It is also likely that in vitro slice imaging provides less than optimal conditions for pattern completion as well as other higher level circuit functions.
The present study helps frame these questions and provides an in vitro approach to the study of brain circuit function that should help clarify how patterns of neuronal activity can be transformed within real neural networks as they process information. This approach should be applicable to other brain regions thought to perform such operations. Although the present study focused on pattern completion, the experimental design could readily be adapted to the study of pattern separation, where as a neural network learns to distinguish similar inputs, multiple patterns will evolve to states in which the distance between them becomes greater rather than smaller. The dentate gyrus is widely believed to perform this operation (Leutgeb et al. 2007; Yassa and Stark 2011) . However, the recurrent excitation network of mossy cells in the dentate gyrus has been proposed as a potential anatomical substrate for information storage (Buckmaster and Schwartzkroin 1994) . A recent behavioral study suggested that as dentate granule cells mature, their function changes from pattern separation to pattern completion (Nakashiba et al. 2012 ). Testing such hypotheses at the circuit level by methods such as introduced here will provide an important perspective for determining how various brain regions contribute to the storage, retrieval, and processing of information.
